Populus tremuloides (quaking aspen) is found from the Pacific to the Atlantic Ocean in the northern United States and Canada, and at higher elevations in the western United States and northern Mexico. While P. tremuloides can reproduce sexually or asexually, it is primarily a clonal species in the intermountain west, reproducing vegetatively via root sprouts, yielding genetically identical stems or ramets. In west Texas, isolated, outlier stands occur in the Guadalupe, Davis, and Chisos Mountains at an elevation of approximately 2300 m. This study utilized seven microsatellites or simple sequence repeats (SSRs) to examine leaf samples from 10 widely separated stems in 10 isolated P. tremuloides individual stands within the Davis Mountains to determine the level of clonal and genetic diversity. We then examined differentiation among stands. Each stem sampled within a stand was genetically identical to all stems examined in that stand or was part of a clone. There were eight genetically identical clones from these ten stands, with three stands being genetically identical or part of the same clone. Many of the genotypes shared several of the same alleles and the remaining alleles were only a few base pairs apart. Some of these alleles have been previously identified in other western North American P. tremuloides stands. Microsatellites identified several triploid patterns consistent with possible aneuploidy, which is concurrent with previous studies.
have been more common in the low elevations and southern areas some 15 to 20 thousand years ago at the end of the Pleistocene [1] [2] [3] [4] . As the climate warmed, P. tremuloides is thought to have migrated north in range and to higher elevations. Isolated "mountain islands" of aspen have recently been described in western Texas [5] [6] . Could all of the isolated, present day stands of P. tremuloides in the Davis Mountains have been part of a mega population, which are now disconnected [7] [8]? The central and southern Rocky Mountains of North America are thought to have large clones of P. tremuloides that provide evidence supporting the theory that western portions of the USA may hold ancient clones reproducing vegetatively, that may have been present 15,000 -20,000 years ago [8] [9] [10] [11] . Unfortunately, this remains unproven because too few studies have been conducted concerning clonal fragmentation on a large landscape-scale.
Studies of P. tremuloides in the Cascades and Sierra Nevada Mountains demonstrated that smaller stands tend to be single clones while larger populations consist of a mosaic of multiple genotypes or clones [12] [13] . Intermountain west populations appear to be primarily large with multiple clones [14] . Populations in northeastern North America near the Great Lakes [15] and as far as Quebec consist of smaller stands with multiple clones [11] [16] [17] .
A considerable amount is known about the biology and ecology of P. tremuloides, for example it is an early successional species, and it forms clones with shallow and fairly widespread roots with considerable vegetative sprouting [18] [19] . Fire seems to play an important role in the regeneration of P. tremuloides communities [6] since it is a successional species and as a result its presence in a given physical area will increase and decrease through time. Fires were fairly frequent in the Davis Mountains from approximately 1772 until about 1926 [20] .
The P. tremuloides stands in the Davis Mountains are found on steep, talus slopes or outcrops and most probably did not burn in the past. Populus tremuloides communities, in general, are not susceptible to fire since fires burn out relatively quickly after entering a high density Populus community, or the fire may even burn around them [21] [22] [23] [24] . The way that fire promotes regeneration of these P. tremuloides communities is during the later stage of community replacement by spruce, fir or other conifers. It is then that the P. tremuloides community is fire-prone. Fires will burn through the coniferous-P. tremuloides community, kill the evergreens, and topkill P. tremuloides. Populus tremuloides will root-sprout and hundreds of thousands of juveniles per hectare will regenerate and cover the burned area [25] .
After an extended period without fire, light levels at the soil surface of these forest communities can be reduced by the canopy such that seedlings and saplings of shade-intolerant species such as P. tremuloides are growth-suppressed [26] . This is a natural process and constantly occurring in various North American P. tremuloides communities. Without fire or other disturbance, species that are more shade-tolerant, such as members of the genera Acer, Betula, Quercus and Tsuga, establish and then increase in basal area [27] .
Although light levels were reduced under existing P. tremuloides canopies in the Davis Mountains when we examined them, regeneration was still occurring. There was a high density of P. tremuloides juveniles under the canopy, especially in the younger stands [6] . This provided some indication that light level may not be the only factor limiting recruitment into the adult population in these relatively small and open stands. It has been hypothesized that the spatial distribution and relative size of aspen clones is also directly related to inter-and intraspecific competitive interactions, age, as well as biotic and abiotic habitat factors [17] [18] [28] .
However, genetic relationships among individuals of these small, isolated west Texas stands remain unknown. Unfortunately, clonal boundaries cannot always be delineated solely based on morphological traits of the plant [16] [29] . Therefore, microsatellites or simple-sequence repeats (SSRs) have been used to demonstrate genetic relationships in various species and populations including P. tremuloides [30] . Since they appear to be selectively neutral, this makes microsatellites good candidate markers for comparative genetic studies [13] [31] . They have been commonly used in population genetics as well as forensic analysis [32] [33] and provide the exact length of the fragment in base pairs starting with the 5' labeled primer [34] . Molecular markers are useful particularly in P. tremuloides as they have a high rate of heterozygosity and are often triploid at some loci [35] . To our knowledge, there are no published papers describing the clonal or genetic structure of these known outlier P. tremuloides stands in the Davis Mountains of west Texas. We hypothesized that all of the isolated P. tremuloides stands in the Davis Mountains of west Texas were a single identical clone. In the present study, all known isolated stands of P. tremuloides from the Davis Mountains were studied using seven microsatellites. The objectives of this study were to demonstrate relationships between individuals of each of the P. tremuloides stands and among all known isolated stands in the Davis Mountains.
Materials and Methods

Study Area
The study area was in the Davis Mountains of west Texas (Figure 1(a) , from [36] ). Ten P. tremuloides stands were sampled from locations on northern and northeastern talus slopes (avg. slope = 29.8˚) on Mount Livermore, nearby Pine Peak, and in Cherry Canyon (Figure 1(b) , from [37] ). Ecological data was previously collected from these P. tremuloides stands [6] and is summarized here ( Table 1) . Actual or estimated P. tremuloides relative tree density was 27% -92% (low in a few cases because of other species), relative basal area was 48% -96% (4.1 to 23.0 m 2 /ha) and juvenile density was 32 -14,000 stems/ha ( Table 1) . Populus tremuloides stand ages were estimated to be between 35 -77 years based on tree-ring measurements (in 2013) which were significantly linearly related (y = 1.66x + 9.79, r 2 = 0.90, P < 0.0001). In addition, P. tremuloides community age was inversely related to the ln of the total P. tremuloides density and mean basal area was significantly linearly and positively related to age, or older communities had fewer but larger P. tremuloides stems or trees.
Sample Collection
Leaf samples were collected from apparently mature P. tremuloides trees in each stand in October of 2012 and May of 2013. Ten representative trees throughout each of the ten stands were haphazardly sampled. Five leaves were removed from each of the ten selected P. tremuloides trees (Figure 2 ). An eastern cottonwood (Populusdeltoides Marsh.) from northwest Bexar County Texas was used as a genetic outlier (same genus but different species). Four samples from the Utah "Pando" and nearby populations (kindly supplied by Dr. Valerie Hipkins, USDA Forest Service, Placerville, Calif.) were used as positive controls. Leaves from each sampled tree were placed in separate plastic bags containing enough silica gel to cover the leaves (~200 g). Silica gel was used to remove moisture from the leaves drying and preserving them until weighing and extraction [30] .
DNA Extraction
Twenty milligrams of dry leaf tissue was removed from the leaf (not the petiole), weighed, cut up, and placed in a microfuge tube containing a 7 mm Qiagen ® stainless steel bead and buffer [30] . A Qiagen ® TissueLyser was used to homogenize the samples at 30 Hz for 2.5 min, flipped, and repeated once more. Total genomic DNA was isolated per the manufacturer's instructions using a Qiagen ® DNEasy plant mini kit for dry tissue extraction.
Microsatellite Analysis
Samples were genotyped at seven microsatellite loci: WPMS 14, WPMS 15, and WPMS 20 [38] . Since we could not fully resolve amplicons that were only a few base pairs apart, all samples were further analyzed by capillary electrophoresis (Figure 4 ). The 5' end of the forward primer for each locus was fluorescently labeled for automated analysis [38] using an ABI-3130xl Genetic Analyzer. Amplicons were submitted to The University of Texas Health Science Center at San Antonio (UTHSCSA) NAC core facility for capillary electrophoresis.
Data Analysis
Populus tremuloides microsatellite fragment sizes were scored in the programs Genemapper (v4.1, Applied Biosystems, Inc.) and Peak Scanner (v1.0, Life Technologies, Inc.) with verification by visual inspection of the raw data. The probability of identity Pr(i) or the probability that any of two of the observed genotypes are identical by chance was estimated over the seven loci for each of the stands using GenAlEx v.6 thereby quantifying an average specific multilocus genotype probability randomly generated from the stands, such that for the alleles i and j with frequencies p i and p j , The Davis Mountain P. tremuloides stands were compared to the "Pando" and adjacent populations from Utah by an Analysis of Molecular Variance (AMOVA) in order to estimate genetic variation among regional populations. An allelic distance matrix was used as input for the AMOVA. As simple step-wise mutation rarely holds true in natural populations, F-statistics (F ST ) for codominant data were calculated using GENALEX v6.0 (Peakall and Smouse 2005) . Phylogenetic trees were constructed using the PHYLIP v3.69, [41] software package. Allele frequencies were first calculated using the frequency function in GenAlEx and were then used to create an infile to run a bootstrap of 1000 replicates in PHYLIP's Seqboot function. The function Genedist was used applying Nei's genetic distance [42] under the assumption of genetic drift and a rate of neutral mutation of alleles. Finally, the functions Neighbor for UPMGA method of clustering, Consense to obtain bootstrap values, and Drawtree to plot an unrooted tree diagram were employed.
Results
A total of 100 Populus tremuloides trees from the Davis Mountains were assayed. All 10 leaf samples from each stand yielded identical alleles at each of the seven loci. However, only the Laura's Rock stand has been shown ( Table 2 ). The total number of alleles observed for each microsatellite in the Davis Mountain P. tremuloides stands varied from 4 -13, there were five triploids and the observed allelic ranges for all seven microsatellites depended on the locus ( Table 3) . Eight unique genotypes were identified from the ten P. tremuloides stands sampled in the Davis Mountains. All samples within each stand had the same alleles and thus the same genotype indicating that each stand is a clone.
The microsatellite products for WPMS-15, WPMS-20, and GCPM-970-1 appear to yield single bands for most of the reactions while WPMS-14, PMGC-433, and PMGC-2571 show three bands for most of the reactions ( Table 4) . The three Laura's Rock P. tremuloides stands had identical peaks for each microsatellite, thus theywere a single clone ( Table 4) . These three Laura's Rock P. tremuloides stands found across the northern exposure of Laura's Rock (Laura's Rock West, Central, and East, Figure 2) had the same genotype. Positive controls 18-B, 22-B, 24-B, and 264-B from the Utah "Pando" and nearby populations of P. tremuloides confirmed previously published genotypes. Multilocus genotypes displayed high levels of heterozygosity and allelic variation, with most alleles being shared with the Utah samples. The single specimen of P. deltoides displayed unique alleles at WPMS-14, WPMS-20, PMGC-433, PMGC-576, and GCPM-970-1 loci ( Table 4 ). The probability of identity was estimated to assess the likelihood that matching genotypes arose by chance and not clonal reproduction. For the seven loci, the probability of identities ranged from 1 × 10 −3 to 7.5 × 10 −3
, indicating matching genotypes are likely due to vegetative reproduction. The AMOVA indicated Utah and Texas P. tremuloides populations to be moderately differentiated, with 4% of the estimated molecular variance held among populations and 96% held within individual populations (P = 0.062).
A phylogenetic tree comparing all of the Davis Mountain P. tremuloides stands was completed (Figure 5(a) ). Bootstrap values ranged from 13% -100% out of 1000 replicates. Samples with values of 70% or higher were considered significantly related. Because most bootstrap values were not significant, any number of similar trees could be drawn. Populus deltoides proved an appropriate out group for these analyses (Figure 5(a) ). A second phylogenetic tree compared both the Davis Mountain and Utah P. tremuloides samples ( Figure  5(b) ). Bootstrap values ranged from 9% -100%. The "Big Tree" and "Peewee Springs" P. tremuloides stands were again grouped together; however this grouping was significant at 81%. Interestingly, the Utah samples were more closely related to multiple Davis Mountain samples rather than themselves. Given that most of the bootstrap values for both trees in Figure 5 were not significant; this indicates that the stands in the Davis Mountains are closely related to one another and that they share many common alleles with the Utah populations.
Discussion
Although Populus tremuloides is one of the most widespread species of woody plant in North America today [1] , it probably had a more restricted range when North America was covered with ice at various times in the past [43] [44] . Deglaciation during the Holocene has caused major fluctuations in extent and composition of plant communities throughout the world [45] [46] [47] [48] [49] [50] .
Populus tremuloides stands in the Davis Mountains and in other areas of west Texas could have established as clones early in the Holocene. However, we have no evidence to support that supposition. It is unclear if these early Davis Mountain stands of P. tremuloides were first established sexually via long-distance wind dispersal of viable seeds from large genetic neighborhoods [11] [51] or by cross-pollination and seed dispersal of local stands already present or previously established within the Davis Mountains. Observation of the flowering of the stands currently in the Davis Mountains should indicate which stands are male or female since this is unknown at this time [52] . This could help to identify the initial seed source of some or all of these stands. Sexual reproduction is very important for maintaining a rich gene pool and preventing genetic drift, although seedling establishment of P. tremuloides in the intermountain west is thought to be rare due to a narrow set of germination requirements for this species [11] [53]- [55] .
Our study of the P. tremuloides stands in the Davis Mountains tested the hypothesis that all stands arose from a single large clone. Multilocus microsatellite genotypes indicated that all 10 stands sampled were individual clones (but three were identical). These 10 stands of P. tremuloides occurred on north or northeast facing talus slopes typically against a rock outcrop and were considerably smaller compared to known intermountain west populations [14] [18] [30] [56] . Stand area in the current study ranged from 238 m 2 (Pine Peak) to 10,641 m 2 (Laura's Rock East). Areas were estimated using satellite maps combined with actual photographs and tree density was not homogenous throughout each stand. Because of the relatively small size of the stands and haphazard sampling throughout each stand, we were confident that they were not a patch work of multiple genotypes and that all stand boundaries were sampled with no missed adjacent genotypes. Though much larger, the "Pando" clone was also found to be distinct within its boundaries, lacking any other genotypes within the matrix, although 40 different genotypes were observed adjacent to the giant clone [30] . The identical clone observed in the three Laura's Rock stands further confirms that molecular markers are an effective tool to determine clonal boundaries and their relative size. Genotypes were different among all but 3 of the P. tremuloides stands in the Davis Mountains. We found that each of the 10 samples for each of the stands of Laura's Rock (east, central, and west) were identical for all loci ( Table 4) . Because these 3 stands have identical peaks and a number of alleles at each locus, we assigned them the same genotype. Here, a unique genotype was defined as a difference of one base pair in an allele between two populations. However, we think that these three, fragmented stands were at one time part of a larger population that stretched continuously across the face of Laura's Rock. In addition, we did not compare the entire genome. However, plans are underway to sequence several samples from each stand for total genome comparison.
Eight genetically distinct P. tremuloides clones on talus slopes were identified in the Davis Mountains ( Table  3) . We suspect that there were times in the past that sexual reproduction of the P. tremuloides stands in this area occurred and seeds from various populations reached sites suitable for plant establishment in the Davis Mountains. However, we cannot offer a date. We suggest that it was a wetter time and after one or more relatively large scale disturbances such as fire or drought, seedling establishment occurred. How many clones were established at this time is also unknown. At least eight clones that established sometime in the past have survived until today and many probably perished. If all of the surviving clones established at the same time is also unknown. However, large numbers of seedlings were reported after fires in Yellowstone and Grand Teton National Parks [57] with most of these seedlings established on moist soil or in wet sites. Moist soil or wet soil sites are gener-ally not available most of any given year in the Davis Mountains. In the Davis Mountains in the past, seedlings probably established lower in elevation compared to where they are found today. They probably established in the same drainages on wet soil, and then migrated up in elevation to new, wet areas as the climate warmed and dried until they reached the upper part of the drainage or slope which they currently occupy.
We do not believe that the eight clones identified in the Davis Mountains in west Texas are the result of the accumulation of somatic mutations of the SSR regions of the genome as suggested by others for old established clones [16] [57] . There are few differences in base pairs between the separate clonal genotypes ( Table 3) . We do not see how genetic homogenization of a genet could occur after a somatic mutation happened and then have the somatic mutation be carried to other stems via the roots of one tree when the distance of root growth would be hundreds of meters to the next new stem. Accumulation of somatic mutations has been suggested but we think the chance of it happening would be remote, even given a very long time (thousands of years). Multiple mutations occur in somatic cells, but if they occurred in leaf tissue, they would be lost each year with leaf fall. We found no issues with potential scoring errors in our data set [58] [59] such as stuttering, large allele dropout or null alleles since all samples within each stand were identical.
We found that many of the alleles were shared throughout the stands. Alleles that differed only did so by a few base pairs ( Table 3) . This is an indication that these stands are closely related and that some of these alleles are conserved. In addition, previously published alleles [30] were observed along with numerous novel alleles. Given that our study site was far removed from the "Pando" population, novel alleles were expected. In the future it should be possible to examine the entire genetic makeup of all or at least many of the different stems of the stands that we now consider clones. However, to date, this has not been done for any P. tremuloides stand [30] [ 35] .
Most organisms cannot survive with more than two copies of an allele; however, P. tremuloides may and in doing so greatly increases the genetic diversity within the species [10] [61] . There are several plausible explanations for why three alleles have been observed. Individual clones may be triploid, have extra copies of an individual chromosome (aneuploidy), or have a fragment of a chromosome duplicated in its genome [62] . Any of these events may lead to the observation of three alleles if the microsatellite locus of interest occurred in a duplicated region. At least one triploid was seen for each locus in the Davis Mountain P. tremuloides samples with the most for any locus being five ( Table 3 and Table 4 ). Curiously, only one triploid was seen for all loci in the Utah samples and none for P. deltoids in the current study. However, extensive studies of the "Pando" population and other areas of Utah [14] [30] have led to the identification of large triploid stands that likely have reduced fertility [63] but that are vegetatively more vigorous.
Conclusion
The stature and composition of these isolated Davis Mountains P. tremuloides stands has changed over recent years and will continue to change in the future since P. tremuloides is a successional species [6] . Prediction of changes will be difficult and concerns for the decline of P. tremuloides stands, including those in the Davis Mountains, do exist and are not new [6] [64]- [71] . As surface light levels decline with community development and succession, encroachment of lower light requiring species will occur and P. tremuloides stand size and the number of stands will decrease [6] [72] [73] . Various studies have shown divergent interpretations of aspen decline which seems to have temporal and spatial dependencies and to be cyclic [72] . The added pressures of increasing density of neighboring woody plants especially lower light requiring species, longer fire intervals, succession to conifers, and climate change will probably play a major role in the future of these P. tremuloides stands [6] [75] . Currently, these isolated P. tremuloides communities in the Davis Mountains are geographically positioned such that lateral expansion is their only option for movement as the climate changes in the future.
